Organic solar cells based on interpenetrated network of conjugated polymer as donor and fullerene derivative as acceptor materials have a great potential for improvement of the efficiency. We fabricated a device based on a composite of poly(2-methoxy-5-(2'-ethylhexyloxy)-1,4-phenylenevinylene (MEH-PPV) and [6, 6 ]-phenyl C 60 butyric acid methyl ester (PCBM). Surface treatment, insertion of interfacial layers, and improvement of the morphology of the active layer significantly increase the photovoltaic performances of the structure. We obtained an open circuit voltage of 0.87 V and short circuit current density of -8.4 mA/cm 2 under 100 mW/cm 2 AM 1.5 solar simulator illumination, yielding a 2.9 % power conversion efficiency. Two others fullerene derivatives were synthesized in order to get a stronger acceptor. The electrical and optical properties of devices made with MEH-PPV and these acceptors are investigated.
INTRODUCTION
PPV and its derivatives are widely studied owing to their semiconducting and luminescence properties. Within the class of PPVs, poly(2-methoxy-5-(2'-ethylhexyloxy)-1,4-phenylenevinylene) (MEH-PPV) exhibits characteristics such as solubility that make it particularly favourable for optoelectronic devices fabrication. The discovery of photoinduced electron transfer from a conjugated polymer as a donor to buckminsterfullerene C 60 as an acceptor, 1 provided a molecular approach to high efficiency photovoltaic conversion. Indeed, for photovoltaic (PV) cells made with pure conjugated polymer, energy conversion efficiencies were typically 10 -3 -10 -2 %, too low to be used in practical application, 2 whereas, with addition of fullerene, the composite material exhibits a significant photovoltaic effect 3 .
In the following, we report on the systematic optimisation of PV cells made with MEH-PPV:PCBM composite films. Many attempts for making efficient PV cells using such combination have been yet published, with limited efficiency 4, 5, 6 . Our systematic optimisation procedure yields highly reproductive devices presenting the same efficiency characteristics as previously reported devices built using the so called interpenetrated network principle using MDMO-PPV as a semi-conducting polymer 7 . We report also on the results obtained with devices made with MEH-PPV and two new fullerene derivatives, in which two symmetric side groups are attached to the sphere.
EXPERIMENTAL DETAILS

Materials
A conjugated polymer MEH-PPV, purchased from ADS, is used as donor and different fullerene derivatives are used as acceptor:
They were synthesized according to literature procedures, for PCBM in ref. [8] , for A1 and A2 in ref. [9] . The chemical structure of these materials is shown in Fig. 1 
Solutions preparation and devices fabrication
Different solutions of the conjugated polymer MEH-PPV with the fullerene derivatives were prepared in 1,2-dichlorobenzene (ODCB) with the appropriate weight ratio of donor to acceptor. The concentration of MEH-PPV was 7 mg/ml. The solar cells (Fig. 2 ) are prepared using a glass substrate covered with a transparent anode of indium tin oxide (ITO), on which a transparent conducting polymer layer, poly(ethylene dioxythiophene) (PEDOT-Baytron P), is coated and dried for 5 minutes at 100°. Subsequently, the photoactive layer was spin coated from solution: MEH-PPV:PCBM, MEH-PPV:A1 and MEH-PPV:A2 in an organic solvent (ODCB). On top of this stack, a bilayer cathode consisting in 100 nm Al on top of 0.6 nm LiF 10, 11 was thermally evaporated through a shadow mask on the active layer in a vacuum of 10 -6 mbar, resulting in cells with an active area of 34 mm². The ITO-glasses used in our devices were purchased from SOLEMS and MERCK, with 50 Ω/ and 12 Ω/ surface resistances respectively. Before casting PEDOT, the ITO-coated glass substrate was first cleaned in ultrasonic bath for 10 minutes in Deconex detergent, 2 times in distilled water and in acetone, and was dried in an oven at 100°C. UV-Ozone treatment was then performed for 15 minutes. 
Characterization
The absorption spectra were measured using a Lambda2 spectrometer. A Keithley 1600 unit Source Meter was used to record the current-voltage characteristics in dark and under illumination with an AM1.5 solar simulator (Steuernagel Solar constant 575). The devices were illuminated through the transparent ITO anode. The energy conversion efficiency η for the incident light (transmitted through the electrode) was calculated using the equation The incident photon to current efficiency (IPCE) was measured at a chopping frequency of 100 Hz with a lock-in amplifier (Perkin Elmer 7225) after illumination with the monochromatic light from a tungsten lamp (Acton Spectra Pro150), using the relation:
With J sc [µA/cm²] the short circuit current density at wavelength λ (nm) and I p [mW/cm²] the incident light intensity at this wavelength.
RESULTS
Cells built with conventional fullerene derivatives
In Fig. 3 , the current density-voltage (J-V) characteristics under white light (40 mW/cm²) of photovoltaic devices made from a blend of MEH-PPV:PCBM with insertion of two interfacial layers at the polymer contact with anode and cathode are compared. We see that the interfacial PEDOT layer at the anode leads to an increase of the open circuit voltage (V oc ) from 0.4 V to 0.66 V. It is mostly attributed to the high work function of PEDOT (~ 5.1 eV) with respect to that of ITO (4.4 ~ 4.7 eV) 12 . The PEDOT layer doesn't affect the value of the short circuit current density (J sc ~ -1.2 mA/cm²). This means that ~ 30 nm of PEDOT between ITO and the active layer do not affect the collection of holes at the anode of the PV devices. Insertion of a thin LiF layer at the Al cathode leads to an increase in J sc up to ~ -1.5 mA/cm²; it improves the ohmic contact between Al cathode and organic layer 10 . It is worth noting also is that the fill factor (FF) is increased by the addition of both PEDOT and LiF interfacial layers. This tendency must be attributed to better ohmic contacts at the electrodes and suppression of a counter diode at the anode. The point is that the polymer blend contains both donor and acceptor materials in separated phases. Both have opposite behaviours at the contact electrodes. In such a way that the interfaces must be adapted to make both ohmic contact with one material and rectifying contact with the other. Fig. 4 shows the J-V characteristics and IPCE for various PCBM concentrations under 100 mW/cm² illumination. We observe the increase of J sc with PCBM concentration. Higher concentration of PCBM favours the formation of a phase separated interpenetrated network with sizeable domains 13 , which in turn favours effective charge separation 4, 5 . This is confirmed by IPCE which also increases with PCBM concentration from 13 % to 26 % at 500 nm wavelength ( figure 3-b) . The feature down to 700 nm in the IPCE may be attributed to PCBM absorption, showing that both compounds fully participate to the photovoltaic effect. Average PV parameters of the cell with MEH-PPV:PCBM ratio about 1:5 are the following : J sc =-5.8 mA/cm², V oc =0.79 V, FF=0.31, η=1.4 %. These values are larger than previously reported results using the same polymer The morphology of the films cast from ODCB and toluene has been studied by AFM. The images (Fig. 6) show clearly different surface morphologies. Blend films cast from ODCB show no structures, the surface is smooth. However, the films cast from toluene have a rough surface; the roughness is 3 times higher. Obviously, these structural changes are responsible for the bad electrical transport properties of the blend system. For devices delivering currents in the range of 6 mA/cm 2 ( Fig. 5) , the ITO resistance becomes a questionable problem. Using the same preparation procedure as described above, we built photovoltaic cells based on MEH-PPV:PCBM (with 1:5 ratio) cast from ODCB, using ITO substrates with < 12 Ω/ surface resistance, instead of 50 Ω/ for the previous devices. We show in Fig. 7 the evolution of the J-V characteristics of such devices under different illumination intensities. Short circuit current and FF are improved owing to the lower ITO series resistance. Series and shunt resistances of the working devices in Fig. 6 degrade from low to large light intensities owing to poor charge transport characteristics of the polymer 15 . Values of the series and shunt resistances obtained from the slopes of the characteristic under 100 mW/cm² illumination, at 1V and 0V respectively, are 98 Ω and 735 Ω. We obtained J sc =-8.4 mA/cm² and V oc =0.87 V, so that conversion efficiency reaches 2.9 %. Even a correction should be added to correct our values obtained with a solar simulator to the true AM 1.5 solar spectrum 16 , it is a significant improvement with respect to the previously reported results 4, 5, 6 . It is comparable to the best conversion efficiency obtained with MDMO-PPV:PCBM based PV cells 7 . Fig. 8 shows the J-V characteristics in the dark and under 100 mW/cm², IPCE and absorption spectra of photovoltaic device made from a blend of MEH-PPV:A1. The film is spin coated from ODCB with ratio 1:2 by weight. The characteristic values of this device under AM 1.5 illumination are V oc =0.655 V, J sc =-1.3 mA/cm², FF=0.31 and η=0.27 %. The rectification ratio in the dark is ≅ 3 at ± 1 V. We see the contribution of a small shunt resistance to the current. Small shunts manifest as an ohmic behaviour in the low current regime of the device. This may be related to the poor solubility of A1 in the solvent, because the spin-coated films appear rather inhomogeneous. The contribution of A1 (370 nm) to the current can be clearly seen in the IPCE curve in comparison with the absorption curve. The two spectra match rather nicely. The J-V characteristics, IPCE and absorption spectra of a device with MEH-PPV and A2 as the active layer are presented in Fig. 9 . The film is spin coated from ODCB with ratio 1:2 by weight. The characteristic values of this device under AM 1.5 illumination are V oc =0.604 V, J sc =-1.7 mA/cm², FF=0.39 and η=0.40 %. The rectification ratio in the dark is ≈ 33 at ± 1 V. The short circuit current density and fill factor are higher than those of MEH-PPV:A2 device. It can be explained by the enhanced solubility of A2 as compared to A1. However, solubility remains too weak to be able to increase the proportion of the acceptor to donor, up to 5:1 such as in the case of PCBM. In this case also, The IPCE and absorbance spectra match rather nicely, but IPCE efficiency larger than 10 makes it a promising material for the PV application. The characteristic data of MEH-PPV:fullerene-derivative devices are presented in Table 1 . A MEH-PPV:PCBM device exhibits higher V oc and J sc . The V oc of MEH-PPV: A1 and MEH-PPV:A2 devices are approximately identical, but are lower than that of the MEH-PPV:PCBM device. This is not related to the reduction potential of A1 and A2 (to be published) and does not follow the regular V oc ≤ E red (Acceptor)-E ox (Donor) law. Whereas the low current density is associated the inappropriate nano-morphology of the composite film. 
Cells built with new fullerene derivatives
CONCLUSION
In conclusion, using engineered electrode contacts and improving the deposition conditions as well as the PCBM loading into the polymer film, it is possible to build efficient PV cells using the interpenetrated network concept. This shows that the concept is extremely powerful and robust to build PV cells from polymer blends 17 .
Further improvements require optimisation of charge transport and light absorption properties of the devices 18 . But we can see that PV cells based on MEH-PPV:PCBM have large potentiality with a photocurrent larger 8 mA/cm² under 100mW/cm 2 . Improving the fill factor up to 0.8 could yield a solar conversion efficiency in excess of 5 %.
